Existing reactions for the multiplex PCR amplification of exons in the dystrophin gene have been modified to produce two multiplex reactions which separately cover the 5' and 3' major deletion 'hotspots' in the gene, and together detect approximately 98% of ali deletions detectable by Southern cDNA hybridisation.
gene. 7 The identification of the mutation is therefore the primary task in the analysis of Duchenne or Becker muscular dystrophy families requesting genetic counselling.
A rapid and efficient method of screening for deletions was introduced by Chamberlain et al,8 by using the polymerase chain reaction (PCR)9 to analyse six frequently deleted exons simultaneously in a multiplex amplification reaction. Three additional exons were subsequendy incorporated into the reaction,10 enabling the detection of approximately 80% of deletions that were previously detectable with cDNA probes. The reliability of this multiplex has been verified in a multicentre collaborative trial (Chamberlain et al, in preparation) . A multiplex of a further nine exons developed by Beggs et al" complements this reaction to increase the detection frequency to 94-5% (table 1) .
We have modified the amplifications included in these multiplexes and reorganised them into two reactions which separately cover the two major deletion prone regions in the dystrophin gene. Additionally, the frequency of deletions detectable has been increased to 98%.
We report a study of 98 patients with known deletions and of 50 non-deleted patients, analysed by both Southern cDNA hybridisation and by multiplex PCR amplification. Discrepancies between the results obtained by the two different methods have been fully investigated and we suggest means of circumventing 5' Multiplex V. 4 -, , -- These three samples were typed as deleted for the single HindIII band containing both exons 8 and 9; however, exon 8 was successfully amplified from all three samples in the 5' multiplex PCR. We investigated the possibility that the samples were only deleted for exon 9 (and that this had sufficiently disrupted the HindIII restriction fragment to prevent its detection on the Southern analysis) by PCR amplification of exon 9. This exon was also shown to be intact in all three samples.
No deletion was present in these three cases. The results were presumed to be because of the presence of a rare 8-3 kb allele of a HindIlI polymorphism'7 which comigrates with an 8 kb HindIII fragment detected by cDNA clone 9-7 (cDMD 1-2a), such that it is not readily resolved by conventional Southern analysis. This was confirmed by hybridising a Southern blot (HindIII digest) with a labelled sequence specific for exons 8 and 9. The resulting autoradiograph showed hybridisation to a larger HindIII restriction fragment of 8-3 kb in these three samples, compared with the normal 7 5 kb fragment in controls.
Three other samples, deleted only for the HindIII fragment that contains exons 8 and 9, and four samples in which the deletion started at this fragment and extended distally, were confirmed to be deleted for both exons 8 and 9 by PCR analysis. CASE 7 On Southern cDNA analysis this sample was deleted for exons 6 (fig 3) . The correlation between annealing temperature and success of amplification in both these samples suggested that unusual polymorphisms residing within the sequences complementary to the oligonucleotide primers were preventing successful annealing of those primers at the higher temperature, thereby preventing effective amplification. The problem in case 8 was localised to the forward primer (44F) by repeating the amplification of exon 44 with different combinations of primers at the original annealing temperature of 60°C (fig 3) . By amplifying and directly sequencing across the region homologous to primer 44F, case 8 was found to differ from the primer sequence in two respects, with a G-A transition and C-G inversion, as shown below. (fig 1) . In most cases, mapping the end points of a deletion therefore requires both reactions to be performed on a sample. The modification to separate 5' and 3' reactions will reduce this need to perform a second amplification. Our analysis of known deletion samples by multiplex PCR amplification showed agreement with the Southern cDNA data for all the 3' deletions (50/50), but only 41/48 of the 5' deletions and 49/50 of the non-deleted samples.
Discrepancies were found between the results obtained by the two methods of analysis in eight cases 309 group.bmj.com on June 16, 2017 -Published by http://jmg.bmj.com/ Downloaded from (5 4%). Three types of discrepancy were observed: (1) deletions were correctly identified by both methods, but showed a difference in the extent of the deletion (cases 1 to 3); (2) the Southern cDNA analysis incorrectly identified deletions, which were correctly diagnosed as non-deletions by PCR amplification (cases 4 to 6); and (3) PCR analysis incorrectly detected deletions of sequences that were known to be present (cases 7 and 8) (table 3) .
EXTENT OF DELETIONS
Southern hybridisation analyses, carried out with probe XJcDNA1 in our laboratory (case 318 and case 2) and a collaborating laboratory (case 116), suggested that the deletions extended 5' to the first exon in two cases (1 and 2) , or to exon 3 in another case (3), whereas these exons amplified successfully on PCR. The failure to detect the exons on the Southern analyses was presumably because of either poor transfer of the DNA in the blotting process, or the presence of undetected air bubbles during filter hybridisation. The presence of a deletion in these cases was correctly diagnosed, since several restriction fragments were deleted. However, if other fragments had not been deleted a diagnostic error could have occurred. Single fragment deletions clearly call for extra care in diagnosis.
The reclassification of the 3-7 deletion (case 3) as a 4-7 deletion does not explain the mild phenotype observed in this patient. Both a 3-7 and a 4-7 deletion would be expected to disrupt the translational reading frame of the dystrophin messenger RNA and result in the more severe Duchenne phenotype, '8 19 The two primer template mismatches produced by these changes prevented priming at a stringent annealing temperature, resulting in a failure to amplify exon 44 and the misdiagnosis of a deletion in this sample. The C-G inversion was also found to be present in a control sample which we sequenced, and in the sequence deposited in the EMBL/GenBank database. This suggested that the original publication,8 used for our design of primer 44F, contained a typing error for these two bases. Using a primer (44F2) with a sequence that incorporated the C-G inversion (but still produced a mismatch at the site of the G-A transition), exon 44 was successfully amplified from case 8 at the standard annealing temperature. We have subsequently replaced 44F with 44F2 in the 3' multiplex reaction.
Two separate observations were made in case 7. Firstly, the successful amplification of exon 3 from this sample was shown to be dependent on the use of a reduced annealing temperature, again suggesting that a sequence variation was preventing one of the primers from annealing to the template. Secondly, the enhanced resolution of the PCR technique enabled us to show that exon 7 was deleted and that exon 6 was present in the junction fragment seen on the Southern analysis.
The possibility of a sequence variant residing within a priming site is an inherent problem associated with the PCR technique. This potentially hazardous problem, which we have termed 'NAFNAP' (NonAmplification From Non-Annealing of a Primer), has been reported for the D7S8 locus that is closely linked to cystic fibrosis20 and we have also detected the problem with the amplification of the pERT87-15/ XmnI (DXS142) polymorphic locus.2' This locus failed to amplify from seven out of 100 male samples known to be intact for DXS142, and from three out of 25 unrelated, known heterozygous females typed as homozygous when analysed by PCR. 22 We have been able to overcome the problem by using a reduced annealing temperature, which would be expected to reduce the sequence specificity required for primer hybridisation. However, adjustment of annealing temperature will not necessarily correct for all types of sequence variation that are found in the genome and for many reactions this is not a practical solution since amplification of unwanted, non-specific sequences is likely to occur.
The false identification of an apparent single exon deletion (groups 2 and 3) is diagnostically much more hazardous than errors in defining the extent of deletions (group 1). Where two or more restriction fragments fail to hybridise to a probe it is reasonable to assume the presence of a deletion. Similarly, the probability of finding two primer failures in one subject would be so low that where two or more contiguous sequences fail to amplify a true deletion can reasonably be assumed. 
